Current status of i calculated on the lattice J

Yong-Chull Jang and Weonjong Lee
(SWME Collaboration)

Lattice Gauge Theory Research Center
Department of Physics and Astronomy
Seoul National University

Columbia University, New York, 06/23~28/2014

Yong-Chull Jang and Weonjong Lee (SWME| Lattice 2014 Lattice 2014 1/16



Testing the Standard Model Indirect CP violation

€x and BK, Vi |

@ Definition of ex

R A[KL — (71'7'(')[:0]
K A[KS — (71'71')[:0]

@ Relation between e and BK in standard model.

ex = exp(ige) sin(¢:) Cc ImA\; X Br + & + b
X = ReAmSo(xe) — n3S0(xe, x1)] — ReAmaSo(xt)

_ GRFimx Mgy

No=ViVi,  wi=mi/My,  Co= =g

ImA
&0 = exp(ioe) Sin@%%ﬁ ~ 1%

&rp = Long Distance Effect ~ 2% — we neglect it!

Yong-Chull Jang and Weonjong Lee (SWME| Lattice 2014 Lattice 2014

2/16



Testing the Standard Model Indirect CP violation
A
ek and By, Vi

@ Inami-Lim functions:

4y — 1122 + ac;?’ 323 In(xy)

So(@:) = A1—z)2 20 —m)? = 55%

Tt 3¢ 327 In(xy)
So(Ze, zt) = e ln(wc) — 10— — 10— 1) — 34%
SO(:I}C) = T¢ —11%

e Dominant contribution (~55%) comes with |V;|*.

Im); - Red; = A2V, |* (1 = p)
)\2
2

Rel; = —(1 — X )A2A5(1 —p)+ 0O\

Red. = —A\(1 — Z) + O(\9)
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Tz €7 LG
.
ek and By, Vi I

Im)\; = nA2\5 + O(\T)
@ Definition of By in standard model.

_ <K0|[§’Yu(1—’}’5) d] (57 (1 — v5)d]| Ko)
<K0|5'Yu75d|0>< |57u75d‘K0>
(w

B = Cw)Bx(w),  Clu) = as(n) 0 [1+ as(p)J5]

o Experiment:

er = (2.228 4 0.011) x 1073 x ¢
b- = 43.52(5)°
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EK Input Parameters

Wolfenstein Parameters
Input Parameters for Angle-Only-Fit (AOF)

® ey, By, and |Vep| are used as
inputs to determine the UT angles
in the global fit of UTfit and
CKMfitter.

@ Instead, we can use angle-only-fit
result for the UT apex (p, 7).

@ Then, we can take X independently
from

[Vus| = A+ O(\),
which comes from K3 and K;5.
@ Use |V| instead of A.
Vil = AX? + O(NT)

0.22535(65)

[1] CKMfitter

|

A | 0.22535(65) | [1] UTfit
0.2252(9) | [1] |Vus| (AOF)
0.13113:928 | [1] CKMfitter

p | 0.136(18) | [1] UTfit
0.130(27) [2] UTfit (AOF)
0.34513913 | [1] CKMfitter

7| 0.348(14) | [1] UTfit
0.338(16) | [2] UTfit (AOF)
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EK Input Parameters

Input Parameters of By, V., and others

By Others

B 0.7661(99) [3] Lat Avg Gr 1.1663787(6) x 107° GeV~2 | [1]
K [70.7379(47)(365) | [4] SWME Mw | 80.385(15) GeV [1]
me(me) | 1.275(25) GeV [1]
me(me) | 163.3(2.7) GeV 6]
m 1.43(23) 7]
Vio 72 0.5765(65) [7]
¢ 3 0.496(47) 8]
Vi x10-3 | 12:42(86) [1] Incl. 0 43.52(5)° [1]
< 39.04(49)(53)(19) | [5] Excl. mgo | 497.614(24) MeV [
AMgk | 3.484(6) x 10712 MeV [1]
Fx 156.1(8) MeV [

v
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EK Input Parameters

€o

Input Parameters

- RGAO
N ImA(]

o

€ | —1.63(19)(20) x 10" | [9]

@ RBC-UKQCD collaboration performs lattice calculation of ImAs. From this
result, & can be obtained by the relation

Re() = Jge(mer — %)

Other inputs w, €x and € /ex are taken from the experimental values.

@ Here, we choose an approximation of cos(¢e — ¢.) = 1.

o ¢ =43.52(5), g = 42.3(1.5)
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EK Calculation of € from Standard Model
ex: Lat. Avg. B, AOF of (7,7), Vi

2 30 40 20 30 £

Eo—— R — T
M —o— A~ SM_—e— 7

i T L L
15 2 2.5 3 35 1 1.5 2 2.5

Figure: Inclusive V, Figure: Exclusive Vg
@ With exclusive Vi, it shows 3.30 tension.
€T — 9.228(11) x 1072
= 1.636(182) x 1073
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EK Calculation of € from Standard Model
ex: SWME By, AOF of (p,7), Vis

20 30 4o 20 30 40

Exp. —— 7"" Exp. —>— EB
SM —o— LR M —e— P

- . .
3 3.5 1 15 2 25

Figure: Inclusive V, Figure: Exclusive Vg
@ With exclusive Vi, it shows 3.40 tension.
€T — 9.228(11) x 1072
= 1.570(195) x 1073
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EK Calculation of € from Standard Model

ex: SWME By, CKMfitter (7,7, \)

Exp. —x— s Exp. —— 7 P
M —eo A SM_—e— / 3

Pl

Figure: Inclusive V, Figure: Exclusive Vg
@ With exclusive Vi, it shows 3.2¢ tension.
€T — 9.228(11) x 1072
= 1.607(193) x 1073
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EK Calculation of € from Standard Model
ex: SWME By, UTfit (p, 7, \)

2 30 4o 20 30 £

Exp. —— 7"*‘ ExXp. —— B
SM —e— 71 I M —e— =

Figure: Inclusive V, Figure: Exclusive Vg

@ With exclusive Vi, it shows 3.2¢ tension.
€T — 9.228(11) x 1072
= 1.615(192) x 1073
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EK Calculation of € from Standard Model

Current Status of ¢x

e SWME 2014: (in units of 1.0 x 1073, AOF)

exg = 1.57+£0.19 for Exclusive V,; (Lattice QCD)
ex = 2.14 +0.26 for Inclusive Vi, (QCD Sum Rule)

o Experiments:
ex = 2.228 £0.011

@ Hence, we observe 3.4(3) o difference between the SM theory
(Lattice QCD) and experiments.

@ What does this mean? — Breakdown of SM ?
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EK Calculation of € from Standard Model

Error Budget of Exclusive e

cause | error (%) memo

Vep 33.7 Exclusive (FNAL/MILC)
By 19.7 SWME

7 17.6  Wolfenstein parameter
m 138 1

m 41 Nee

p 3.7 Wolfenstein parameter
f() 1.9 |m(A0)/Re(A0)

Me 0.8 Charm quark mass
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Conclusion and Future Plan

Conclusion and Future Outlook

@ Lattice determination of e from the standard model with the
exclusive V,; channel shows 3.4(3) o tension compared with the
experiment.

@ However, in the inclusive V,; channel determined from the QCD sum
rules, we do not observe the same kind of tension.

© The dominant systematic error in e comes from V, in the exclusive
channel.

@ Hence, it is very crucial to reduce the theoretical error of V;, down to
the < 0.5% level: — the OK action.

© Thank God very much for your help!!!
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